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INTRODUCTION 

Thc rolc of both homogcnous and hctcrogcncous rcactions in usc of solid fuels such as coal for 
NO, reduction has been discussed in sonic prcvious studics 1.2.3.4. Howcvcr Wcndt ', and Mcrcb 
and Wend1 ' havc discountcd hctcrogcncous rcactions showing that they havc minor conhibution 
towards rcbuming. The rcduction polcnlial of a rucl dcpcnds on its ability to produce CH, 
radicals to react with NO. Assunling only honiogcneous gas phasc reactions to parlicipate in 
rcduction. a highcr volatilc niallcr contcnt of thc fucl will enhancc thc NO, reduction. In the 
reccnt past (hc rcbuming proccss is reasonably well undcrstood for usc of cod and natural gas as 
dm rucls 1. 3. 7. R. Y. 10.11 . Howcvcr pyrolysis products of biomass and biomass pymlysis oils 
@io-oils) havc also bccn shown to c a w  NO, rcduction by nicchanisms similar to reburning". ' I .  
Biomass and biomass bascd products olkr thc advantagc of not only rcduccd Sol, NO, 
cniissions bccausc of low nitrogcn and su l f i  contcnt but also reduced grccn housc gascs (N20 
and CO?). Howcvcr sonic fidamcntal qucslions such .as thc rclativc inlporlance of 
homogcncous gas phasc rcaclions in thc proccss still nccd lo bc addrcsscd. 
In thc present study. gas coniposition from llash pyrolysis of BioLimcTM from an culicr study'4 
was uscd to niodcl NO reduction through honiogcncous gas phasc ra t ions whcn BioLiniclM is 
uscd as a rcbum fucl. Thc nunicrical predictions wcrc thcn coniparcd with thc NO, cmissions 
from a down-fircd combustor (DFC) to validatc thc niodcl. A din'crcncc in NO, rcduction was 
obscrvcd by using two diKcrcnt BioLimc'" samplcs as rcbwn fucl undcr sitiiilar opcrzling 
conditions. This was belicvd to be duc to dilrcrencc in yicld of flash pyrolysis products of thc 
dillcmnt BioLmicrM. With this in mind thc niodcl was f i h c r  uscd to study thc relativc 
contribution of cach of thc pyrolysis gas spccics in NO rcduction through honiogcncous 
reactions. Thc prcdiclions werc thcn vcrificd by expcrinicntal rcsulls Croni the flow rcdctor. 

EXPERIMENTAL 

Raw Muteriuls 
Two biomass bascd malcrials callcd BioLinicTM 1 and 111 wcrc oblaincd from DyndMotivc 
Tcchnologics Corporation. BioLinicTM was produccd by rcacting pyrolysis oils from biomass 
with air, and linidwatcr slurry in a stimd. BioLimcTM I and 111 had appmxinlatcly 7 and 14 wt. 
% calcium, resptively. Compositional analysis of thc saniplcs is shown in Tablc 1 . 

BioLinicTM I BioLinlcTM 111 
(As Dctcmiincd) (As Detcmiincd) "I-----. 

Carbon (wt. "h dal) 48.5 38.7 
Hydrogen ( w t  % daf) 7.7 8.4 
Nitrogcn (wt. "h dal) 0.23 0.2 I 
Sulfur (wt  % dal) 0.0 I 0.02 
Oxygcn (wt. "/o dafby din) 43.5 52.6 
Ash (wt. % db) 20.9 48.5 
Moislurc (wl. %) 7.97 4.1 1 

Tablc I Compositional analysis on as dctcmiincd and illy basis for two BioLiniP stniplcs 

Down Fired Conrblrstor 
Thc DFC is 10 II high with a 20-inch internal diamctcr rdtcd at a nominal firing ratc of O S  
million Btuih.. Sevcral 4-inch sanipling polls arc locatcd along thc combustor. Sainplc pods arc 
nunibcrcd 1 through 10 sm/ng at thc top. BioLinicTM is introduccd through port 5 into thc reburn 
zone. Thc rcbum mnc paranictcrs are shown in Tablc 2 . Thc lluc gases frotii h c  hcat cxchangcr 
pass through a pulse jct baghousc for paliiculatc matter collcction. Thc BioLinicTM is prcparcd. 
slored in a day tank and pumped to thc burner by a MoynoTM progrcssivc cavity pump. Thc 
gascous cniissions data during thc stcady statc was avcragcd. 
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DFC Rcbum znnc pararnctcrs 
Dianictcr 50.8 cm 
Total lcnyl 96.52 cni 
Volutnc 195600 cn? 
Prcssurc I atni 
Rcsidcncc tinic 1.127 scconds 
Inkt Ic~11pcraturc at thc ccntcr 
Inlet tcnipcratm at the Wall 

Tablc 2 Down (ircd combustor rcbum mnc paranictcrs 

Mudding NO, R e d ~ ~ t i ~ n ~  

All nunierical calculations wcrc donc using a PSR coniputcr codc", which runs in conjunction 
with thc Chcmkin I i b d ' .  Thc rcvcrsc ratc constants wcre obtained from the forward ratc 
constants and thc therniodynamic dah mainly taken fmrn h e  Sandia Thcrniodynaniic 
Databasc17. The codc coniputcs spccics conccntrations from thc balancc bclwccn thc net rdtc of 
production of cach spccics by chcniical rcaclion ad the dill'crcncc bctwccn thc input and output 
flow rates of s ccics. The niodcl uscd to prcdict NO cniissions was takcn f?oiii thc studics of 
Kilpincn et a/.', Glarborg ct a/.". and Pnda and Millc?". In gcncrdl thc mcchdnisni includcs 
gcncration of hydmcahon radicals fmni C, and CZ parcnt hydrocarbons. oxidation mcchanisnis 
for HCN. and NH?. togcthcr with a subsct of thc intcrdetions bctwccn thc hydrocarbon radicals 
and the nitrogenous spccics. The nitmgcwhydmcarbon chcniistry is csscntially an cxtcnsion of 
thc Millcrand Bowman nicchanisn?'. 
Thc proccdurc and assuniptions in Ihc abovc study arc: 
( I )  Only horiiogcncous gas phasc rcactions arc rcsponsiblc for NO reduction. Thc cKcct of 

hclcmgcncous rcaclions is ncglcclcd. Gascs fmni pyrolysis of BioLinicm rcdct wilh NO, in 
the rcbum zonc to Tomi Nz and nilrogcnous intcmicdiatc spccics such as HCN and NH?. 

Values wilh thc %i~s-,--, 

1415 K 
1426 K 

(2) Gas conccntrdtions arc calculatcd from thc yiclds rcporlcd in an carlicr study'4 . 
(3) Rcbum fuel is nixcd rapidly and pcrrectly with lhc products of conibustion from thc primary 

zonc. This is achicvcd by usc o fh igh -pmm injection nozlc for fccding thc rcbum fucl. 
(4) Rcbum fucl is pymlyrcd instantly on cntcnng thc combustor and thcrcforc pyrolysis kinetics 

does not control the NO, rcduction kinctics. 
(5) The kinctics of reburning is contmllcd by the ntc conslants for thc hydmcarborrN0 rcaction 

systcni. Thc cffcct of iiiilss transfcr is ncglcctcd. This follows from thc previous two 
assumptions. 

(6) An average of thc wall and bulk tcnipcraturc at thc point of rcburn fucl injcction is uscd as 
thc inlct Icnipcraturc for thc calculations. 

(7) Gas dcnsitics are calculatcd at thc rcbum zonc inlct tcmperaturcs. 
(8) The fluc gas in rcburn mnc consists of 14% CO,, 2.0% 9, and 497 ppni of CO in nilrogcn 

basc. Thcsc conccntrations of CO,. 9, and CO are choscn to be consistcnt with those of a 
coal primary llamc opcratcd at stoichionictric ratio of I .O- I .  I .  

(9) A rcsidcncc tinic of 1.127 scconds is uscd for lhc calculations, which is consistcnt wilh thc 
rcsidcncc linic in rebum zonc orthc down-lid combustor. 

RESULTS AND DISCUSSION 

Predictions of NO, cniissions from thc model along with lhc down-fircd combustor data arc 
shown in Table 3. Thc rcburn 'zone stoichionictly was bascd on the total amount of fucl and 
oxidizcr that cntcmd the down fircd combustor in thc lirst two mncs of thc combustor divided by 
the stoichionictric quircnicnt for Ihc primary and rcbum fucr. Thc prcdictions from niodcl 
match closely with the DFC data. The rcsults showed a highcr NO, mduclion for BioLinicTM I 
than 111. Howcvcr. stoichiomctry was diKcrcnt for dill'ercnt runs whcn BioLinicTM 1 and I l l  are 
uscd as cbum T i l .  Thcrcforc, to f i h c r  coniparc thc pcdbmiancc of BioLinicTM I and 111, NO, 
rcduction was cshatcd for both BioLinicTM for cach run. Thc rcsults am shown in Figurc 1.  I t  
can bc sccn that BioLimcTM I produccd a higher NO, reduction than BioLimcTM 111, and is 
attributed lo thc highcr yield of total pyrolysis gases for BioLinicTM I. Thcse rcsults arc in 
agrccmcnt with thc studics of  Kichcrcr et. d. ". who havc shown that thc main rcduction c l k t  
is duc to thc volatilcs of thc rcbuming fucl. Thcrcforc; a highcr yicld of pyrolysis gascs will 
rcsulr in a highcr NO, rcduction. DiKcrcnt pyrolysis gascs can havc diKcrcnl NO, rcduction 
potcntial. Howcvcr as secn Imm Tablc 3, Ihc relativc pcrccnlagc of pyrolysis pscs added was 
dill'crcnt for diKcrcnl runs. Knowlcdgc of rclalivc conlribution of pyrolysis gascs in NO, 
reduction would hclp lo choosc a biomass fccdslock that incrcascs lhc yicld of dcsircd spccics. 
With this in mind a pardlnctnc analysis is donc using thc niodcl to study thc clTcct of varying 
conccnlration ofhydmcarbons, CO,, CO, H,. 
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Run Stoichi % of O h  COz % CO % HZ "h NO, % NO, 
(BioLinleTM) oniclry Hydro added added added Reduction Reduction 

carbon (DFC) (Modcl) 
added _______ 

Run I(1) 0.501 0.13 14.88 0.25 0.23 17.0 16.0 
Run2(1) 0.517 0.14 14.92 0.26 0.24 16.2 16.8 
Run3(III) 0.549 0.09 14.50 0.18 0.20 13.6 11.2 
Run4(l11) 0.652 0.04 14.20 0.10 0.08 11.6 4.4 
Run5(111) 0.656 0.05 14.27 0.12 0.1 1 12.5 7.2 
Run6(111) 0.717 0.05 14.27 0.12 0.1 I 12.6 6.3 

Table 3. Modcl predictions for percenlage NO, reduction with NOx reduction from DFC. 
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Figure I ,  lnfluencc of BioLinP used on NO, reduction. The % NO, reduction is predicted from 
model for both BioLinieTM for each run condition.(Series I - BioLinicTM I, Series 2 - BioL.imeTM 
Ill) 

The results were then verified using the flow reactor. The setup of the flow reactor is discussed 
in an earlier stud$4. COz, CO, and I+ had very little efTect on NO, reduction. Hydwahons 
were seen to be mainly responsible for cawing reduction in emissions of NO,. Kilpinen et. a/. z3. 
Chen et. a/. 24 , Mcreb and Wcndt '' have also shown that for natural gas reburning CO, and 
are useable as r e b m  f i l s ,  even though the rates of reaction for NO reduction by CO and H are 
significantly slower compared to NO-hydrocarbon reactions. Two main slages are considered to 
be mainly responsible for nitric oxide reduction. First is thc eonvcrsion of NO to E N ,  through 
reaction with CH, and HCCO. 

NO+HCCO H C N O + H  HCN 
NO + CH2 
NO+CH3 HzCN+M HCN 
NO + CH3 

HCN + OH 

HCN + H20 

The second slage is the reaction of HCN with the oxidizing speeics (0, OH) (0 fomi NH,, Nz, 
and NO. HCN is f i t  convertcd to isocyanic acid and HNCO primarily by 

HCN+OH HOCN+H HNCO 

and to a lesser cxtcnt also through the direct rcaction 

HCN +OH HNCO + H 

The HNCO reacts further to NHz. This occurs primarily by thc reaction with H radical 

HNCO'+ H NHz + CO 
The NHz radical depending on thc conditions can be convertcd to Nz. NH3, or NO. 

Bumh et. a/. '' in thcir study of difTcrcnt fuels (methane. hexane, t c m e .  and coal) have also 
shown that NO, reduction eficiency can also bc related 10 CR1 ratio for the fuel. Carbon rich 
fuels produce more CH, fragicnls. leading to a lower NO, conccntralion. BioLinieTM I had a C/H 
ratio of 6.3 whereas BioLinieTM 111 had a C/H ratio of 4.6. Therefore. a BioLinieTM with a higher 
c/H ratio will help to increase the NO, reduction. 
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CONCLUSIONS 

1) Pcrccntagc of NO, raiuaion using BioLiiiicTM as a rcbum fwl was accuratcly prcdictcd 
using lhc honiogcncous gas phasc wction niodcl. For niost of thc conditions. thc pcKCnldgC 
NOx duction predicted f i n 1  niodcl Wa wcll within thc allowablc varialion f in1  thc 
cxpcrimcnlal rcsults Tmni down r i d  combustor and flow tractor. Howevcr in sonic studics 
like thoa of Smart and Morgan *7, Chcn and Ma ** havc also shown thc rolc of char rcactions 
in NO, rcduction. 

2) The higher NO, rcdwtion potential of BioLimcTM I ovcr BioLinicTM 111 was attributcd to thc 
higher yield of total pymlysis gascs. 

3) Thc pardnictn; study fmni llow rcactor showcd hat lhc CO. COz. and HI havc vcry litllc 
ctTccl and hydrocarbon rcaclions arc mainly rcsponsiblc for NO, rcduclion. Hcncc a rucl with 
highher CRI ratio will p d u c c  morc C q  Tkipcnts, and thcrcrorc, rcsult in a bcttcr NO, 
duction. 
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